This paper deals with design of compression members made of monolithic and laminated structural glass. Glass columns are analysed by numerical models using RFEM and ANSYS software with consideration of variable value of the interlayer shear modulus. Obtained elastic critical forces, stresses and deflections are compared with the values from the analytical calculation according to the second order theory.
INTRODUCTION
In recent architecture subtle and transparent structures are popular. Structural glass is traditional material that satisfies these criteria. A glass structures have now load carrying function [5] . Glass columns, transparent walls, beams, fins stiffening facade elements, shear panels and similar used in combination with steel, aluminium or timber are new progressive applications of structural glass elements. Because of safety, reliable and economical design of glass structures it is necessary to know the actual behaviour of these structures.
Due to high slenderness of structural glass elements made of thin glass plates it is necessary to checked them against stability failure -buckling of columns, lateral-torsional buckling of beams and buckling of walls. Existing design methods for steel or timber cannot be applied directly to glass, because there are several different design aspects in glass structures: production tolerances of the initial imperfections, brittle behaviour and viscoelastic behaviour of laminated glass interlayer. These aspects have to be specifically considered in design process of glass elements.
STRUCTURAL LAMINATED GLASS AND ITS CHARACTERISTICS
The glass exhibits almost perfect elastic behaviour at standard temperatures and glass members fails by a brittle failure in tension fibres. The most important material characteristics of structural glass are listed in Tab. 1. Soda lime silica glass is the most used glass and Borosilicate glass is suitable to fire resistant glazing (because of its thermal physical properties). Tensile and compressive strength of glass are theoretically the same (up to several thousand MPa), but actually the tensile strength is much lower. It is caused by failure mechanism -brittle fracture. Glass tensile strength is not a material constant but it depends on load carrying history, residual stress, mechanical damage of the surface (small flaws at the surface created while manufacturing), dimensions of glass element and the environment quality. The characteristics values of tensile strength are 45, 70 and 120 MPa for float glass (ANG), heat strengthened glass (HSG) and fully tempered glass (FTG), respective -see Fig. 1 . Fig. 1 : Stress-strain diagram of glass [4] and comparison of different materials [6] Heat strengthened glass and fully tempered glass are products of tempering processing. The residual compressive stresses at the glass surface results from tempering process. Tempering could be effected by (i) controlled heating and cooling of glass panes or (ii) by chemical tempering. The residual compressive stresses in the tension extreme fibres prevent to flaw growing and hence load carrying capacity grows too. It should be noted that glass tempering process is similar to prestressed concrete members. The magnitude of residual compressive stress depends on the tempering duration and type of tempering.
The laminating is manufacturing process to get glass units (laminated glass) composed of two or more glass panes bonded together by transparent plastic interlayer. Laminated glass could consisted of only AND, HSH or FTG glass panes or of suitable combination of all types of glass panes. Laminated glass is manufactured in an autoclave and the process (high press and temperature) ensure no air inclusions between glass panes and interlayers. The most important characteristic of laminated glass is post critical behaviour -laminated glass member is able to carry load. It is caused by "arch behaviour" of glass fragments bonded to interlayer foil.
The most used interlayer material is polyvinyl butyral foil (PVB). The nominal thickness of one PVB foil is 0.38 mm. In practice the interlayer is made of two (0.76 mm) or four (1.52 mm) PVB foils. Polyvinyl butyral foil is viscoelastic material -its physical properties strongly depend on load duration and temperature. At low temperature (below 0°C) and for short load duration the PVB interlayer is able to transmit full shear stress between glass panes -this is a perfect composite behaviour. At higher temperatures and longer load duration this capability is greatly reduced. The PVB interlayer is not able to transmit shear stress between glass panes at long load duration or very high temperatures -glass panes carry load independently.
In Normal stress distribution
NUMERICAL MODELLING OF LAMINATED GLASS MEMBERS
Numerical models were carried out in software products based on finite elements method. Three dimensional finite elements were used to create both glass panes and polyvinyl butyral interlayer in ANSYS and RFEM models (because of comparison of results). A parametric study was performed.
Variable and constant geometrical and material parameters entering into computation:  L = 3000 mm (length of member hinged at both ends) Monolithic glass members and laminated glass members composed of two (double glass) or three (triple glass) were modelled. In the case of monolithic glass member and laminated glass member made of three glass panes the supports and load were situated on line goes through centroid of laminated cross section. In the case of laminated glass made of two glass panes the supports and load were situated on the line goes through centroid of glass pane.
Monolithic glass members and laminated triple glass members are loaded by centric force but members composed of two glass panes are loading with eccentricity (sum of half of thickness of glass pane and half of thickness of interlayer). An initial imperfection of member straightness was considered as the shape of the first eigenmode for all glass members. Amplitude of imperfection in the mid span was considered as L/386, which is 95% quantile of initial imperfections of laminated glass members [1] .
Finite elements SOLID45 were used for meshing glass panes and interlayer in software ANSYS. The cross section was divided for meshing as follows: breadth on 20 units, thickness from 4 to 10 units (2 units for each glass pane and interlayer), and length on 200 units. Boundary conditions (load and supporting) were applied on nodes of finite elements. The computation according to the large deflection theory (minimum 10 load steps) was performed. In Fig. 2 the first four eigenmodes of member subjected to buckling, details of modelling of load and boundary conditions in both software and overview on models are illustrated. 
ANALYTIC MODELS OF COMPRESSION SLENDER MEMBERS
The real structure members are not perfectly straight -they exhibit small deformations (initial geometric imperfections). Due to initial imperfections the members in compression have deformations at low values of loads. A deformation grows nonlinearly until it reaches a limit stress or Březina [2] states to equations to get deformations and normal stress of actual imperfect metal members subjected axial load. These equations can be used for glass axial compressed members because of elastic behaviour. A sinusoidal shape of initial deformations is considered in equations. 
The maximum of normal stress (at mid span) could be determined according to the principles of elasticity; bending moment at mid-span could be replaced by product of axial load and lateral deflection at mid span, Fig.4d :
In the equations listed above there are following symbols: w 0 -amplitude of initial imperfection at mid-span e 0 -eccentricity of point of load from cross section centroid L -member length (buckling length) x -distance of investigated point from the mid-span N -load N cr -critical load (force) of the member E -Young's modulus of glass I z -cross section second moment of area to weak axis, in the case of laminated glass is replaced by an effective second moment of area I z,eff It is advantageous to take an approach of design of metal members subjected to the buckling using buckling curves for design of glass compressed members in practice [8] . The substep of load carrying capacity of column is to determine of effective second moment of area that is necessary to know for computation of critical force. The following quantities entering to the solution of effective second moment of area: interlayer shear modulus, interlayer thickness, thickness of glass panes and their axial distance, Young's modulus of glass, breadth of cross section and buckling length [7] .
RESULTS OF PARAMETRIC STUDY
The critical forces corresponding to first eigenmode of compressed monolithic glass members and laminated glass members composed of two and three glass panes (with parameters: length 3000 mm, breadth 200 mm) given from analytic solution and numerical models are listed in Tab. 5. The critical forces given by ANSYS models are practically identical to critical forces given from analytic solution. Critical forces determined by RFEM software are higher than from analytic solution and ANSYS models. The difference between critical forces may be caused by less suitable finite element mesh of RFEM numerical model.
In Fig. 5 the dependences of laminated glass critical force on interlayer shear modulus are shown. The ratio of critical force of laminated glass member (N cr,laminated ) and critical force of monolithic glass member (N cr,monolithic ) is plotted on the vertical axis. The value of interlayer shear modulus is plotted the vertical axis in logarithmic scale. It should be said that in case of high values of interlayer shear modulus the laminated glass behave almost as monolithic glass. Critical force decreasing with decreasing of interlayer shear modulus until it reaches approximately 20 % (in the case of laminated glass composed of two glass panes) and 10 % (in the case of laminated glass composed of three glass panes) of critical force of monolithic glass member. The critical force of laminated glass member decreases with increasing of interlayer thickness. Interlayer shear modulus G int [MPa] t int = 0,38 mm L=3000, b=300, 3panes L=3000, b=300, 2panes L=2000, b=300, 3panes L=2000, b=300, 2panes L=1000, b=300, 3panes L=1000, b=300, 2panes Interlayer shear modulus G int [MPa] t int = 1,52 mm L=3000, b=300, 3panes L=3000, b=300, 2panes L=2000, b=300, 3panes L=2000, b=300, 2panes L=1000, b=300, 3panes L=1000, b=300, 2panes In the graph on the left in Fig. 7 the load -lateral deflection curves corresponding to members with various amplitudes of initial imperfections are shown. Three curves corresponding to one member computed by three ways -analytic solution is displayed by full line, ANSYS numerical models are plotted by dashed line with filled tag and RFEM numerical models are plotted by dotted line with unfilled tag.
Fig. 7: Comparison of deflections given from numerical models and analytic solution
The differences between results of numerical models and analytic solution are illustrated in Fig. 7 on the right. On the horizontal axis the ratio of difference of two types of solution and solution given by FEM software is plotted. The ratio of load force and critical force corresponding to the investigated member is plotted on the vertical axis. The differences of results given from ANSYS and RFEM are evident from this picture. The results given by ANSYS models are approximately the same as the results of analytic solution at low load forces, at the load force equal to 80 % of N cr the difference is less than 0.5 %. Analytic solution is not valid for high loads (converged to the N cr ), numerical models computed according to large deflections theory gives more accurate results. Results from RFEM models are relative different from analytic solution already for low values of load and the difference of analytic solution and RFEM model at load equal to 80 % of N cr is similar to 6 %. The maximum and minimum normal stresses in extreme fibres at mid span of member depending on axial load are shown in Fig. 8 on the left. For a clearer picture of differences between results given by computations (Březina, ANSYS, RFEM) the curves representative the dependency of ratio of difference of results from analytic solution and numerical models and FEM results on ratio of axial load and critical force are illustrated in Fig. 8 on the right. In the graph the curves are plotted only for positive stresses. It is obvious from the picture that ANSYS software gives order of magnitude more accurate results than RFEM software.
On the basis of previous results regarding the calculation accuracy the ANSYS software was taken for modelling of compression members made of laminated glass. Compression members made of laminated glass composed of two and three glass panes bonded together by polyvinyl butyral foil of thickness 1.52 mm and with various value of interlayer shear modulus. In Fig. 9 there are the differences between analytic solution and numerical solution of lateral deflection (on the left) and normal stress (on the right) at mid span of laminated glass member with amplitude of initial imperfection L/386. The curves signed 2G and 3G corresponding to laminated glass composed of two and three glass panes respective, 1G curve representing monolithic glass.
The accuracy of results of lateral deflections of laminated glass members is order of magnitude lower than for monolithic glass, but it is still sufficient -at load equal to 80 % N cr the difference of analytic and numerical results is less than 6 %. The differences of stresses given from analytic solution and ANSYS models are significant (in the order of tens of per cents for low load values.
The numerical models absolutely confirmed the assumptions about normal stress distribution on the cross section given in the Tab. 2: in the case of high value of G int laminated cross sections behave as monolithic (linear stress distribution in whole cross section), with decreasing of value of G int the laminating effect increasing (lower capability of transfer of shear stresses between glass panes) and in the case of very low value of G int the normal stress distribution is linear into each glass pane (each glass pane behave almost independent).
CONCLUSIONS
Performed parametric study shows that load carrying capacity of laminated glass compression member strongly depends on the number of glass panes and interlayer shear modulus, which is function of load duration and temperature. In case of very long load duration or high temperatures the load carrying capacity of laminated glass is from five times to ten times lower than for equivalent monolithic glass.
The analytical solution of critical forces of laminated glass members is accurate -analytical computation results are equal to results from ANSYS numerical models. In case of lateral deflection the results given from analytic solution and numerical ANSYS models are approximately the same up to load equal 90 % N cr . The values of critical forces, deflection and stresses given by RFEM models are more different from analytic models and ANSYS models.
For verification of results of numerical models and analytic solution it is necessary to perform experiments of laminated and monolithic glass compression members. The goal of research is to define suitable analytic model for design laminated glass members subjected to buckling. The initial imperfections have to be measured in the frame of experiments. The most appropriate buckling curve (for computation of load carrying capacity analogically to metal columns) will be determined.
In numerical and analytic models no preventing to end slip of glass panes is considered. In the practice glass units are placed into metal frame through elastic sealant. This sealant partially prevents to free movement of ends of glass panes and increases the member rigidity. If this phenomenon is neglected we are on the safe side.
